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Abstract 

A new challenge for meteorology is dynamical seasonal-to-interannual climate 

prediction using coupled general circulation models (CGCMs), and many observational 

and modeling studies have suggested that tropical intraseasonal variability is important 

for seasonal-to-interannual prediction. This study evaluates tropical intraseasonal 

variability, especially the fidelity of Madden-Julian Oscillation (MJO) simulations, in 

three seasonal-to-interannual prediction models participating in the DEMETER 

(Development of a European Multimodel Ensemble Prediction System for Seasonal-to-

Interannual Prediction) project, including the ECMWF, Meteo France, and UKMO 

models. Eight years of daily precipitation from each model’s hindcast experiments are 

analyzed and compared with daily satellite retrieved precipitation.  Space-time spectral 

analysis is used to obtain the variance and phase speed of the convectively coupled 

equatorial waves, including Kelvin, equatorial Rossby, mixed Rossby-gravity, and 

eastward inertio-gravity and westward inertio-gravity waves. The variance and 

propagation of the MJO, defined as the eastward wavenumbers 1-6, 30-70 day mode, are 

examined in detail. 

The results show that the DEMETER models display a wide range of skill in 

simulating the tropical intraseasonal variability. The Meteo France model produces quite 

realistic variances for most of the wave modes including the MJO, as well as a prominent 

MJO spectral peak and coherent MJO propagation. The ECMWF model simulates 

reasonable variance for most of the wave modes, but produces overly weak variance for 

the MJO, and lacks the MJO spectral peak and eastward propagation. The UKMO model 

produces overly weak variances for most of the wave modes, and lacks the MJO spectral 
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peak and eastward propagation. The results suggest that the moisture convergence trigger 

in the convection scheme may play an important role in simulating the MJO. 
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1. Introduction 

A new challenge for meteorology is dynamical seasonal-to-interannual climate 

prediction using coupled general circulation models (CGCMs; e.g. Shukla et al. 2000; 

Palmer et al. 2005). The El Nino/Southern Oscillation (ENSO) phenomenon is the 

dominant interannual mode of the tropical coupled ocean-atmosphere system, and a key 

to seasonal-to-interannual predictability of the global climate system (e.g. Philander 

1990, Wallace et al. 1998, Trenberth et al. 1998, Latif et al. 1998). It affects a wide range 

of tropical weather and climate, such as the seasonal rainfall within the Asian and 

Australian monsoons, and the formation and intensity of tropical cyclones. ENSO is a 

strong tropical heating source, and so is also associated with strengthening and 

weakening of the zonal mean Hadley circulation, and drives many extratropical 

teleconnections, such as the Pacific-North-America (PNA) and Pacific-South-America 

(PSA) patterns. It thus affects high impact midlatitude weather events such as 

extratropical cyclones, floods, and droughts. Therefore, forecasting of ENSO is central 

for seasonal-to-interannual climate prediction. 

Unfortunately, ENSO is not well simulated or predicted by CGCMs (e.g. Delecluse et 

al. 1998; Barnston et al. 1999; Latif et al. 2001; Davey et al. 2002; AchutaRao and 

Sperber 2002, 2006). There is a large scatter in the CGCM simulated ENSO signals, with 

most of the models producing amplitudes that are too weak and periods that are too short. 

This is detrimental to the climate prediction of ENSO teleconnections and the potential 

for high impact weather events, and reflects our limited understanding of ENSO physics. 

A promising theory of ENSO is the stochastic forcing theory, which considers ENSO 

as a stable mode whose growth is influenced by stochastic forcing, or an unstable mode 
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triggered and/or enhanced by stochastic forcing (e.g., McWilliams and Gent, 1978; Lau, 

1985; Penland and Sardeshmukh, 1995; Blanke et al., 1997; Kleeman and Moore, 1997; 

Eckert and Latif, 1997; Thompson and Battisti, 2001; Dijkstra and Burgers, 2002; Larkin 

and Harrison, 2002; Kessler, 2002; Zavala-Garay et al., 2003; Perez et al. 2005; 

Eisenman et al. 2005). Sources of stochastic forcing are considered to be tropical 

intraseasonal modes such as the Madden-Julian Oscillation (MJO; e.g. Lau and Chan 

1986; Weickmann 1991; Kiladis and Weickmann 1992), convectively coupled equatorial 

waves (e.g. Kiladis et al. 1994; Wheeler and Kiladis 1999; hereafter WK) and tropical 

cyclones (Keen 1982; Sobel and Camargo 2005), which generate strong westerly wind 

burst events on the equator. Observational studies have shown that these westerly wind 

bursts force intraseasonal oceanic Kelvin waves that initiate ENSO events (e.g. Kessler et 

al. 1995; McPhaden 1999, 2004; Bergman et al. 2001; Roundy and Kiladis 2006), a 

terminator (e.g. Takayabu et al. 1999; Straub et al. 2006), or a nonlinearly rectified 

forcing (Kessler and Kleeman 2000). Hindcast experiments of the 1997-98 El Nino event 

using the ECMWF model (Vitart et al. 2003) demonstrate that reproducing the westerly 

wind burst events associated with tropical intraseasonal variability is crucial for 

successfully forecasting an El Nino event, which is corroborated by adjoint model 

analysis (Van Oldenborgh 2000). Therefore, good simulations of the spectrum of tropical 

intraseasonal variability is important for CGCMs used for seasonal-to-interannual 

predictions. 

Recently, Palmer et al. (2005) developed a multi-model ensemble-based system for 

seasonal-to-interannual prediction in a joint European project known as DEMETER 

(Development of a European Multimodel Ensemble Prediction System for Seasonal to 
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Interannual Prediction). Comprehensive hindcast evaluation demonstrates the enhanced 

reliability and skill of the multimodel ensemble over the more conventional single-model 

ensemble approach. The DEMETER system is being used for making real-time 

multimodel ensemble seasonal predictions at ECMWF, and the products also lead to 

better community services such as malaria and crop yield prediction. Apart from the 

seasonal forecasts, some of the DEMETER models, such as the ECMWF and UKMO 

models, are also used for real-time global numerical weather prediction. In light of the 

importance of tropical intraseasonal variability for climate prediction and weather 

prediction, it seems useful to assess the tropical intraseasonal variability in the 

DEMETER models. Such an evaluation may help in understanding each model’s 

seasonal and weather forecast skill, and also aid in the improvement of model physics 

and forecasts.  

Many previous studies have evaluated the MJO simulations of GCMs (e.g. Hayashi 

and Sumi 1986, Hayashi and Golder 1986, 1988, Lau et al. 1988, Slingo et al. 1996; 

Waliser et al. 2003; Lin et al. 2006). Typically, model MJOs are too weak and propagate 

too fast. The Atmospheric Model Intercomparison Project (AMIP) study by Slingo et al. 

(1996) found that no one model captured the dominance of the MJO in space-time 

spectral analysis found in observations, and nearly all have relatively more power at 

higher frequencies (<30 days) than in observations.  

Recently, Lin et al. (2006) evaluated the tropical intraseasonal variability in 14 

CGCMs participating in the Inter-governmental Panel on Climate Change (IPCC) Fourth 

Assessment Report (AR4). They evaluated not only the MJO, but also, for the first time 

in the literature, other convectively coupled equatorial waves including the Kelvin, 
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equatorial Rossby (ER), mixed Rossby-gravity (MRG), eastward inertio-gravity (EIG) 

and westward inertio-gravity (WIG) waves. The results show that current state-of-the-art 

GCMs still have significant problems and display a wide range of skill in simulating 

tropical intraseasonal variability. Apart from representing the disturbances, the total 

intraseasonal (2-128 day) variance of precipitation is too weak in most of the models. 

About half of the models have signals of convectively coupled equatorial waves, with 

Kelvin and MRG-EIG waves especially prominent. However, the variances are generally 

too weak for all wave modes except the EIG wave, and the phase speeds are generally too 

fast, suggesting that these models may not have a large enough reduction in their 

“effective static stability” by diabatic heating. The MJO variance approaches the 

observed value in only two of the 14 models, but is less than half of the observed value in 

the other 12 models. The ratio between the eastward versus westward variance is too 

small in most of the models, which is consistent with the lack of highly coherent eastward 

propagation of the MJO. Moreover, the MJO variance in 13 of the 14 models does not 

come from a pronounced spectral peak, but usually comes from part of an over-reddened 

spectrum, which in turn is associated with too strong persistence of equatorial 

precipitation.  

The purpose of this study is to apply the method of Lin et al. (2006) to evaluate the 

tropical intraseasonal variability in three DEMETER CGCMs (ECMWF, Meteo France, 

and UKMO), with an emphasis on their MJO simulations. Two of the three models 

(ECMWF and UKMO) did not participate in the IPCC AR4 intercomparison by Lin et al. 

(2006), and therefore it is of use to evaluate their tropical intraseasonal variability.  The 

questions we address are:  
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(1) How well do the DEMETER models simulate the convectively coupled 

equatorial waves, especially the MJO? 

(2) Do the DEMETER models have similar systematic biases as the IPCC AR4 

models? 

(3) Is there any systematic dependence of simulated convectively coupled equatorial 

waves on the basic characteristics of convection scheme, such as closure 

assumptions? For example, the ECMWF model uses different versions of the same 

convection scheme (Tiedtke 1989) as the MPI model analyzed by Lin et al. (2006), 

with the main difference lying in convective trigger. How does this affect the 

simulation of convectively coupled equatorial waves? 

The models and validation datasets used in this study are described in section 2. The 

diagnostic methods are described in section 3. Results are presented in section 4. A 

summary and discussion are given in section 5. 

 

2. Models and validation datasets 

This analysis is based on eight years of the hindcast experiments from three 

DEMETER CGCMs. Table 1 shows the model names and acronyms, the resolutions of 

the atmosphere and ocean GCMs and brief descriptions of their deep convection 

schemes. Each model conducts 180 days of free coupled runs from an ensemble of initial 

conditions, starting from four specific days of each year (February 1, May 1, August 1, 

and November 1). We use the last 128 days of the 180-day hindcast, which is mainly 

affected by the model rather than the initial condition, since the effect of the initial 

condition will be significantly reduced after 52 days. For each model we use 6 years of 
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daily mean surface precipitation from one member of the ensemble runs, which are 

equivalent in length to about 8 years of a continuous time series.  

The model simulations are validated using multiple observational datasets. As in Lin 

et al. (2006), to bracket the uncertainties associated with precipitation measurements and 

retrievals, especially the well-known difference between infrared (IR) based retrievals 

and microwave-based retrievals (e.g. Yuter and Houze 2000), we use two different 

precipitation datasets: (1) 8 years (1997-2004) of the daily GOES Precipitation Index 

(GPI, Janowiak and Arkin 1991) precipitation with a horizontal resolution of 2.5 degree 

longitude by 2.5 latitude, which is retrieved based on IR measurements from multiple 

geostationary satellites; and (2) 8 years (1997-2004) of daily Global Precipitation 

Climatology Project (GPCP) One-Degree-Daily (1DD) Precipitation (Huffman et al. 

2001) with a horizontal resolution of 1 degree longitude by 1 degree latitude. These are 

IR-based GPI retrievals scaled by the monthly means of microwave-based SSM/I 

retrievals.  

 

3. Method 

Through the space-time spectral analysis of outgoing longwave radiation (OLR), 

Takayabu (1994) and WK demonstrated that a significant portion of tropical cloudiness is 

organized in waves corresponding to the normal modes of the linear shallow water 

system isolated by Matsuno (1966).   In WK, these spectra represent the power remaining 

in the symmetric and antisymmetric components of OLR about the equator after dividing 

raw wavenumber-frequency power spectra by an estimate of the background power 

spectrum.  Peaks standing above the background correspond to the Kelvin, n=1 ER, 
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MRG, n=0 EIG, n=1 WIG and n=2 WIG waves.  It was found that the dispersion curves 

that best match the wavenumber-frequency characteristics of these waves have 

surprisingly shallow equivalent depths in the range of around 25 m, which is about an 

order of magnitude smaller than that expected for a free wave with a similar vertical 

wavelength twice the depth of the troposphere (e.g. Salby and Garcia 1987; Wheeler et 

al. 2000).  

Using the methodology of WK, space-time spectra of daily tropical precipitation were 

obtained for the 8 years of model data used in this study and compared with those of 

eight years of observed precipitation estimates from the GPI and 1DD data sets.  We will 

briefly outline this procedure here, and refer the reader to WK and Lin et al. (2006) for 

further details. 

The model and validation precipitation data were first interpolated to a zonal 

resolution of 5 degrees longitude with the latitudinal resolution varying from model to 

model (Table 1). We first decomposed the precipitation into its antisymmetric and 

symmetric components, averaged these from 15N to 15S, and computed spectra of the 

averaged values.  To reduce noise the space-time spectra were calculated as in WK for 

successive overlapping segments of data and then averaged, here 128 days long with 78 

days of overlap between each segment.  Complex Fourier coefficients are first obtained in 

zonal planetary wavenumber space, which are then subjected to a further complex FFT to 

obtain the wavenumber-frequency spectrum for the symmetric and antisymmetric 

components of precipitation about the equator. 

An estimate of the "background" space-time spectrum is obtained for each data set by 

averaging the power of the symmetric and antisymmetric spectra and smoothing this by 
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successive passes of a 1-2-1 filter in frequency and wavenumber (see WK).  The raw 

spectra are then divided by this background to obtain an estimate of the signal standing 

above the background noise.  Here we assume the signal is significant if it stands at 1.2 

times (or 20% above) the background.  It should be emphasized that, while this is only a 

rough estimate of the true "significance" of the signals, the intent is to simply identify 

those modes which might represent signals in rainfall standing above a purely red noise 

continuum that would presumably prevail if rainfall were not organized by disturbances 

on the large scale. 

The definitions of Kelvin, ER, MRG, EIG and WIG modes are as in WK and Lin et 

al. (2006). Each mode was isolated by filtering in the wavenumber-frequency domain 

(see Fig. 6 of WK for the defined regions of filtering for each wave), and the 

corresponding time series were obtained by an inverse space-time Fourier transform. 

As in Lin et al. (2006) the MJO is defined as significant rainfall variability in 

eastward wavenumber 1-6 and in the period range of 30-70 days. The variance of the 

MJO anomaly was also compared with the variance of its westward counterpart, i.e., the 

westward wavenumbers 1 through 6, 30-70 day anomaly, which was isolated using the 

same method as above. 

 

4. Results 

a Climatological precipitation in the equatorial belt 

Previous observational studies indicate that the intraseasonal variance of convection 

is highly correlated with time-mean convective intensity (e.g. Hendon et al. 1999; WK). 

Therefore we first look at the eight-year time-mean precipitation along the equatorial 
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belt, especially over the Indo-Pacific warm pool region, where most of the convectively 

coupled equatorial waves have the largest variance (WK). Figure 1a shows the annual 

mean precipitation versus longitude averaged between 15N and 15S. To focus on the 

large-scale features, we smoothed the data zonally to retain only zonal wavenumbers 0-6. 

All models reproduce the basic feature of observed precipitation, with the primary 

maximum over the Indo-Pacific warm pool region, and two secondary maxima over 

Central/South America and Africa. The magnitude of precipitation over the warm pool in 

all models is close to observations. Within the warm pool region, ECMWF model does 

not reproduce the local minimum of precipitation over the maritime continent, and there 

is a tendency for the models to produce more precipitation over the western Pacific than 

over the eastern Indian Ocean, which is a feature in 1DD data but not in GPI data. 

Outside the warm pool region, two notable common biases are excessive rainfall over the 

eastern Pacific and excessive rainfall over Atlantic Ocean.  

When the precipitation is averaged over a narrower belt closer to the equator between 

5N and 5S, models show a larger scatter in their performance, especially over the western 

Pacific (Figure 1b). ECMWF produces much greater precipitation than in observations 

over the western Pacific, and more precipitation over the western Pacific than over the 

eastern Indian Ocean, a feature that is not observed. Outside the warm pool region, most 

models reproduce the precipitation minimum over the eastern Pacific trade wind cumulus 

region reasonably well, but there is a common positive bias over Atlantic Ocean. 

In short, the climatological precipitation over the Indo-Pacific warm pool is 

reasonably simulated by DEMETER models, except that right on the equator over the 

western Pacific the ECMWF model produces too much precipitation. 
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b Total intraseasonal (2-128 day) variance and raw space-time spectra 

Figure 2 shows the daily standard deviation of the 2-128 day precipitation anomaly 

along the equator averaged between (a) 15N-15S, and (b) 5N-5S. Two of the three 

models (ECMWF and Meteo France) reproduce quite well the total intraseasonal 

variance over the western Pacific both for 15N-15S average (Figure 2a) and 5N-5S 

average (Figure 2b), as well as the variance over eastern Indian Ocean for 5N-5S average 

(Figure 2b). However, they do not reproduce well the variance over eastern Indian Ocean 

for 15N-15S average (Figure 2b).  There is a tendency for these models to have larger 

variance over the western Pacific than over the Indian Ocean, which is consistent with 

their tendency to have larger annual mean precipitation over the western Pacific (Figure 

1).  The UKMO model has much weaker variance overall than observations. 

The symmetric space-time spectrum of the observed GPI rainfall is shown in Figure 

3a.  The spectrum of the observed 1DD rainfall is nearly identical to that of GPI (not 

shown). The spectrum is very similar to those obtained by WK, even though WK used 

OLR instead of the blend of precipitation estimates comprising the GPI and 1DD data 

sets.   As in WK, the spectra are very red in time and space, with most power at the 

largest spatial scales and lowest frequencies.  Despite this redness, distinct spectral peaks 

and gaps are evident even in these raw spectra. One obvious feature is the dominance of 

eastward over westward power at low wavenumbers and frequencies, a signal 

corresponding to the MJO.  Other peaks also correspond to known equatorial wave 

modes, and will be discussed further below. 

The remainder of Figure 3 displays the corresponding symmetric spectra from the 

various models examined for this study, using identical contour intervals and shading as 
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in Figure 3a (recall that these spectra are calculated for identical daily and 5 degree 

horizontal resolutions). The two models with large total intraseasonal variance (ECMWF 

and Meteo France; Figure 2) have spectra that are broadly similar to observed spectra, 

except that ECMWF has much less power than observed at low wavenumbers and 

frequencies (wavenumbers 1-6, period > 30 days) and lacks the dominance of eastward 

over westward power, implying standing oscillations rather than the predominance of 

eastward power in observations. The UKMO model, which has weak total intraseasonal 

variance (Figure 2), also has much less power than observed at all wavenumbers and 

frequencies. The characteristics of the antisymmetric spectra, in terms of total power and 

redness, are generally similar to Figure 3 and so will not be shown here.  

In summary, the ECMWF and Meteo France models produce realistic total 

intraseasonal (2-128 day) variance of precipitation, especially over the western Pacific. 

Their space-time spectra are similar to the observed spectra, except that ECMWF has 

much less power than observed at low wavenumbers and frequencies (wavenumbers 1-6, 

period > 30 days).  The UKMO model has much weaker variance than observations, and 

its space-time spectra have much less power than observed at all wavenumbers and 

frequencies. 

c Dominant intraseasonal modes 

Figure 4 and Figure 5 show the results of dividing the symmetric and antisymmetric 

raw spectra by the estimates of their background spectra.  This normalization procedure 

removes a large portion of the systematic biases within the various models and observed 

data sets in Figure 3, more clearly displaying the model disturbances with respect to their 

own climatological variance at each scale. Signals of the Kelvin, ER, and WIG waves are 
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readily identified in the observational symmetric spectra (Figure 4a), along with the 

MRG and EIG waves in the antisymmetric spectra (Figure 5a).  The MJO also appears as 

a prominent signal, especially in the symmetric spectra.  Dispersion curves of the shallow 

water modes are also shown on all spectra, corresponding to equivalent depths of 8, 12, 

25, 50, and 90 m.  As in the OLR spectra of WK, the spectral peaks corresponding to 

shallow water modes best match an equivalent depth of around 25 m in the observational 

rainfall data. 

All of the models appear to have signals of convectively coupled waves, with the 

symmetric modes (Kelvin, ER, and WIG) especially prominent. Based on the equivalent 

depths, the phase speeds of the waves are nearly realistic in the ECMWF and Meteo 

France models, but are too fast in the UKMO model. Interestingly, this scaling is 

consistent within a given model across modes, i.e. all modes scale similarly to a certain 

equivalent depth within a given pair of symmetric and antisymmetric spectra, which is 

indicative of similar physical processes linking the convection and large scale 

disturbances within each model and in the real atmosphere.   

When a model displays signals of a certain wave mode in Figure 4 and Figure 5, it 

means that the variance of that wave mode stands out above the background spectra (i.e., 

exhibiting a high signal-to-noise ratio), but the absolute value of the variance of that 

wave mode may not be large. Therefore, it is of interest to look further at the absolute 

values of the variance of each significant wave mode. Figure 6 shows the variances of the 

symmetric wave modes, including (a) Kelvin, (b) ER, and (c) WIG modes along the 

equator averaged between 15N and 15S. The two models with realistic total intraseasonal 

variance (ECMWF and Meteo France) also produce large variances for these wave 
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modes, suggesting that wave-heating feedback is relatively strong in these models, which 

is consistent with the nearly realistic phase speeds of waves in these models. On the 

contrary, the model with too weak total intraseasonal variance (UKMO) also produces 

weak variances for the Kelvin and WIG waves, suggesting that the models do not have 

enough wave-heating feedback in those waves, which is consistent with the too-fast 

phase speeds of those waves in the model. However, UKMO produces large ER variance, 

which is in sharp contrast with its inability in simulating other modes. This is very 

interesting and warrants further study. The variances of the antisymmetric wave modes 

are not shown because they are generally not statistically significant in the models 

(Figure 5). 

In summary, all of the models appear to have signals of convectively coupled waves, 

with Kelvin, ER, and WIG waves especially prominent. The ECMWF and Meteo France 

models produce nearly realistic phase speed and large variance for these wave modes, 

while the UKMO model simulates too-fast phase speed for the wave modes and too-small 

variance for Kelvin and WIG waves, but large variance for the ER wave.  

d Variance of the MJO mode 

Now we focus on the variance of the MJO mode, i.e., the daily variance in the MJO 

window of eastward wavenumbers 1-6 and periods of 30-70 days. Figure 7 shows the 

variance of the MJO anomaly along the equator averaged between 15N and 15S. The 

MJO variance approaches the observed value in the Meteo France model, but is less than 

half of the observed value in ECMWF and UKMO models. Too weak precipitation 

variance in the MJO wavenumber-frequency band has been a long-standing problem in 

GCMs, in spite of the fact that many of these models have reasonable values of zonal 
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wind variance.  From the viewpoint of weather and climate prediction, a realistic MJO 

precipitation signal is more desirable because it is the latent heat released by precipitation 

that drives teleconnections to the subtropics and extratropics and leads to useful 

predictability. 

In addition to the variance, another important characteristic of the observed MJO is its 

eastward propagation. A useful method for evaluating the MJO propagation is to look at 

the propagation of the 30-70 day filtered anomaly of the raw precipitation data, which 

includes all wavenumbers, to see if the MJO mode (the eastward wavenumbers 1-6 

mode) dominates over other modes, as is the case in observations (e.g. Weickmann et al. 

1985, 1997, Kiladis and Weickmann 1992, Lin and Mapes 2004). Because the tropical 

intraseasonal oscillation is dominated by zonally asymmetric, planetary-scale 

phenomena, the competition is mainly between the MJO and its westward counterpart - 

the westward wavenumber 1-6 component. Figure 8 shows the lag-correlation of 30-70 

day precipitation anomaly averaged between 5N and 5S with respect to itself at 0N85E. 

Both observational data sets show prominent eastward propagating signals of the MJO, 

with a phase speed of about 7 m/s. The Meteo France model displays a highly coherent 

eastward propagating signal, although the phase speed is a little too slow. The ECMWF 

and UKMO models, however, show primarily standing oscillations. The results are 

similar when using a western Pacific reference point (not shown). 

Next we apply more detailed scrutiny to the MJO precipitation variance by looking at 

the shape of the power spectrum. Figure 9 shows the spectra of the eastward wavenumber 

1-6 component at 0N85E. Both of the two observational datasets show prominent spectral 

peaks between 30 and 70 days periods, with the power of 1DD lower than that of the 
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GPI. The Meteo France model shows a pronounced spectral peak in the MJO frequency 

band. The ECMWF and UKMO models lack a pronounced spectral peak, but show too 

red of a spectrum, i.e., the variance of the MJO band does not stand above but is simply 

embedded within a red noise continuum. Results for 0N155E (western Pacific) are 

similar (not shown). 

The redness of spectra shown in Figure 9 is reminiscent of a “red noise” spectrum of 

a first-order linear Markov process (Gilman 1963; Jenkins and Watts 1968; Lin et al. 

2006). For the first-order Markov process, the redness of the spectrum is determined by 

its lag-one auto-correlation ρ, which is hereafter referred to as the persistence of the time 

series. Therefore we plot in Figure 10 the auto-correlation function of precipitation at 

0N85E. Both observational datasets have a ρ of about 0.7. The ECMWF and Meteo 

France models have nearly realistic values of ρ, while the UKMO model has a ρ 

significantly larger than the observed value, consistent with its spectrum being too red 

(Figure 9).  It is interesting to see that ECMWF model has a realistic ρ in spite of its red 

spectrum, which may be associated with the peak at around 30 days in its spectrum 

(Figure 9). Results for 0N155E (western Pacific) are similar (not shown). 

To summarize, the Meteo France model produces nearly realistic MJO variance, 

eastward propagation of MJO, and the prominent MJO spectral peak, although the phase 

speeds of the MJO is a little too slow. The ECMWF and UKMO models produce too 

weak MJO variance that is less than half of the observed value, and lack the eastward 

propagation or MJO spectral peak, with the MJO variance coming from part of an over-

reddened spectrum. The over-reddened spectrum in the UKMO model is associated with 

overly strong persistence of equatorial precipitation. 
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5. Summary and discussion 

Many observational and modeling studies have suggested that tropical intraseasonal 

variability is important for seasonal-to-interannual prediction. This study evaluates 

tropical intraseasonal variability, especially the fidelity of MJO simulations, in three 

seasonal-to-interannual prediction models participating in the DEMETER project, 

including the ECMWF, Meteo France, and UKMO models. Eight years of daily 

precipitation from each model’s hindcast experiments are analyzed and compared with 

daily satellite retrieved precipitation.  Space-time spectral analysis is used to obtain the 

variance and phase speed of the convectively coupled equatorial waves, including Kelvin, 

equatorial Rossby, mixed Rossby-gravity, and eastward inertio-gravity and westward 

inertio-gravity waves. The variance and propagation of the MJO, defined as the eastward 

wavenumbers 1-6, 30-70 day mode, are examined in detail. 

The results show that the DEMETER models display a wide range of skill in 

simulating the tropical intraseasonal variability. The Meteo France model produces quite 

realistic variances for most of the wave modes including the MJO, as well as a prominent 

MJO spectral peak and coherent MJO propagation. The ECMWF model simulates 

reasonable variance for most of the wave modes, but produces overly weak variance for 

the MJO, and lacks the MJO spectral peak and eastward propagation. The UKMO model 

produces overly weak variances for most of the wave modes, and lacks the MJO spectral 

peak and eastward propagation.  

Factors hypothesized to be important for MJO simulations include model physics, 

model resolution, and air-sea coupling. Regarding the model physics, our results 

demonstrate three important points. First, the model that arguably does best at simulating 
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the convectively coupled equatorial waves including the MJO (Meteo France) has its 

convective closures linked to moisture convergence. For the AMIP models, Slingo et al. 

(1996) found that deep convection schemes with CAPE-type closure tend to produce 

more realistic MJO signals than schemes with moisture-convergence-type closure, but we 

find a reverse dependence in the DEMETER models, as did Lin et al. (2006) for a variety 

of other models participating IPCC AR4. One possible reason is that the moisture-

convergence-type closures/triggers tie the convection more closely with large-scale wave 

circulation and thus enhance the wave-heating feedback in the MJO.  

Second, models producing good signals for other convectively coupled equatorial 

waves do not necessarily simulate good MJO signals (e.g. ECMWF). Interestingly, the 

ECMWF model uses a different version of the same deep convection scheme, the Tiedke 

(1989) scheme, as the MPI model analyzed by Lin et al. (2006), which produces quite 

realistic MJO signals. The main difference between the two versions of Tiedke scheme 

lies in the convective trigger with the MPI model using a moisture convergence trigger 

while the ECMWF model using an instability trigger. The fact that MPI produces good 

MJO signals but ECMWF does not suggests that the moisture convergence trigger may 

play an important role in simulating the MJO. 

Third, the overly red spectrum of precipitation in the UKMO model is closely tied to 

its overly strong persistence of equatorial precipitation. As discussed by Lin et al. (2006), 

the persistence of equatorial precipitation is strongly affected by subgrid scale processes, 

and may be improved by improving a model’s moist physics, for example, by including 

the self-suppression processes in tropical deep convection such as moisture triggers, 

convective downdrafts, and mesoscale downdrafts. 
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As discussed in the introduction, observational and modeling studies have shown that 

the tropical intraseasonal variability plays an important role in triggering, terminating and 

possibly maintaining ENSO events. Therefore, the wide range of skill in simulating the 

tropical intraseasonal variability by the DEMETER models may affect their seasonal-to-

interannual prediction skills. In future studies, it would be interesting to compare the 

evolution of ENSO events in different models to examine how the different behaviors of 

intraseasonal variability affect the ENSO initiation and amplification. 
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FIGURE CAPTIONS 

Figure 1. Annual mean precipitation along the equatorial belt averaged between  (a) 15N 

and 15S, and (b) 5N and 5S for two observational datasets and 14 models. The data are 

smoothed zonally to keep only wavenumber 0-6. The locations of continents within the 

equatorial belt are indicated by black bars under the abscissa. 

Figure 2. Variance of the 2-128 day precipitation anomaly along the equator averaged 

between (a) 15N-15S, and (b) 5N-5S. 

Figure 3. Space-time spectrum of 15N-15S symmetric component of precipitation. 

Frequency spectral width is 1/128 cpd.  

Figure 4. Space-time spectrum of 15N-15S symmetric component of precipitation 

divided by the background spectrum. Superimposed are the dispersion curves of the odd 

meridional mode-numbered equatorial waves for the five equivalent depths of 8, 12, 25, 

50, and 90m. Frequency spectral width is 1/128 cpd. 

Figure 5. Same as Figure 4 but for the antisymmetric component. 

Figure 6. Variances of (a) Kelvin, (b) ER, and (c) WIG modes along the equator averaged 

between 15N and 15S. 

Figure 7. Variance of the MJO mode along the equator averaged between 15N and 15S. 

Figure 8. Lag-correlation of the 30-70 day precipitation anomaly averaged along the 

equator between 5N and 5S with respect to itself at 0N85E. Shading denotes the regions 

where lag-correlation is above the 95% confidence level. The three thick lines correspond 

to phase speed of 3, 7, and 15 m/s, respectively. 

Figure 9. Spectrum of the eastward wavenumber 1-6 component of equatorial 

precipitation (5N-5S) at 0N85E for two observational datasets and 14 models. Upper 
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panel: raw spectrum; Lower panel: normalized spectrum. Frequency spectral width 1/100 

cpd. 

Figure 10. Auto-correlation of precipitation at 0N85E. 
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     Table 1  List of models that participate in this study 

Models AGCM 
Grid type/ 
Resolution 

AGCM       
Deep 
convection 
scheme 

AGCM 
Closure/ 
Trigger 

OGCM 
resolution 

OGCM           
flux correction 

ECMWF Spectral 
T95*L40 

Tiedke (1989)/ 
Nordeng (1994) 
Gregory et al. 
(2000) 

CAPE/ 
CAPE 

1.4*0.3-1.4 
L29 

N 

Meteo-France Spectral 
T63*L31 

Bougeault 
(1985) 

Moisture 
convergence 

182GP*152GP 
L31 

N 

UKMO Gridpoint 
144*48*L19 

Gregory and 
Rowntree 
(1990) 

Cloud base 
buoyancy 

1.25*0.3-1.25 
L40 

N 
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Figure 1. Annual mean precipitation along the equatorial belt averaged between  (a) 15N and 15S, 
and (b) 5N and 5S for two observational datasets and 14 models. The data are smoothed zonally 
to keep only wavenumber 0-6. The locations of continents within the equatorial belt are indicated 
by black bars under the abscissa. 
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Figure 2. Variance of the 2-128 day precipitation anomaly along the equator averaged between 

(a) 15N-15S, and (b) 5N-5S. 
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Figure 3. Space-time spectrum of 15N-15S symmetric component of precipitation. 
Frequency spectral width is 1/128 cpd. 
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Figure 4. Space-time spectrum of 15N-15S symmetric component of precipitation 
divided by the background spectrum. Superimposed are the dispersion curves of the odd 
meridional mode-numbered equatorial waves for the five equivalent depths of 8, 12, 25, 
50, and 90m. Frequency spectral width is 1/128 cpd. 
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Figure 5. Same as Figure 4 but for the antisymmetric component. 
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Figure 6. Variances of (a) Kelvin, (b) ER, and (c) WIG modes along the equator averaged 
between 15N and 15S. 
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Figure 7. Variance of the MJO mode along the equator averaged between 15N and 15S. 
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Figure 8. Lag-correlation of the 30-70 day precipitation anomaly averaged along the equator 
between 5N and 5S with respect to itself at 0N85E. Shading denotes the regions where lag-
correlation is above the 95% confidence level. The three thick lines correspond to phase speed of 
3, 7, and 15 m/s, respectively. 
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Figure 9. Spectrum of the eastward wavenumber 1-6 component of equatorial precipitation (5N-
5S) at 0N85E for two observational datasets and 14 models. Upper panel: raw spectrum; Lower 

panel: normalized spectrum. Frequency spectral width 1/100 cpd. 
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Figure 10. Auto-correlation of precipitation at 0N85E 


